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A  dense  and  uniform  3  mol%  yttria-stabilized  tetragonal  zirconia  polycrystal  (3YSZ)  electrolyte  film  of 
6  |mm  in  thickness  was  fabricated  by  slurry  spin  coating  on  a  porous  NiO/3YSZ  anode  substrate.  Composite 
cathodes  of  Lao.7Sr0.3Mn03  impregnated  with  Smo^Ceo.sOi.g  were  fabricated  on  the  3YSZ  films.  A  single 
cell  produced  in  this  way  was  tested  at  700,  750  and  800  °C  with  hydrogen  as  fuel  and  stationary  air  as 
oxidant.  Test  results  revealed  an  open-circuit  voltage  of  1.04  V  at  800  °C,  and  maximum  power  density  of 
551, 895  and  1143  mW cm-2  at  700, 750  and  800  °C,  respectively.  Impedance  spectra  results  demonstrated 
that  the  cell  performance  was  determined  by  the  polarization  resistance  of  the  cathode. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  attracted  much  attention  in 
recent  years  for  their  efficient  energy  conversion,  environmental 
friendliness  and  high  fuel  flexibility  [1,2].  A  recent  trend  in  SOFC 
research  is  to  keep  the  operating  temperature  below  800  °C  to  slow 
down  the  degradation  of  cell  components,  improve  the  cell  design 
flexibility,  and  decrease  the  manufacturing  costs  [3].  However,  a 
decrease  in  operational  temperature  leads  to  a  rapid  increase  in 
ohmic  resistance  across  the  solid  electrolyte,  which  can  be  solved 
by  decreasing  the  thickness  of  the  electrolyte. 

A  number  of  fabrication  techniques  can  be  used  to  prepare  elec¬ 
trolyte  thin  films,  including  sol-gel  processing  [4,5],  tape  casting 
[6,7],  screen  printing  [8]  and  dip  coating  [9].  Conventional  sol-gel 
processing  requires  strict  heating  and  cooling  rates,  and  coating 
has  to  be  repeated  several  times,  which  is  complex  and  time- 
consuming.  Slurry  spin  coating,  a  new,  simple  and  inexpensive 
method  for  thin-film  fabrication,  has  been  successfully  developed 
for  the  preparation  of  solid  electrolyte  films  for  small  cells  and 
stacks  [10-12].  Wang  et  al.  [13]  used  slurry  spin  coating  to  fabricate 
gas-tight  anode-supported  yttria-stabilized  zirconia  (YSZ)  films  for 
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SOFCs  and  obtained  an  open-circuit  voltage  (OCV)  as  high  as  1.06  V 
and  maximum  power  density  of  2005  mW  cm-2  at  800  °C  when 
hydrogen  was  used  as  fuel  and  ambient  air  as  oxidant. 

YSZ  is  still  widely  used  in  SOFCs  because  of  its  adequate  oxy¬ 
gen  ionic  conductivity,  high  ion  transport  number,  good  mechanical 
strength  and  excellent  chemical  stability  in  both  oxidizing  and 
reducing  environments.  The  mechanical  strength  of  3  mol%  yttria- 
stabilized  tetragonal  zirconia  polycrystal  (3YSZ)  is  higher  than  that 
of  8  mol%  YSZ  (8YSZ).  Lu  et  al.  [  14]  added  3YSZ  to  an  8YSZ  electrolyte 
and  observed  a  remarkable  increase  in  electrolyte  strength  and  an 
improvement  in  its  fracture  toughness,  but  its  electrical  conductiv¬ 
ity  was  slightly  lower.  3YSZ,  an  engineering  ceramic  that  is  much 
more  cost-effective  than  8YSZ,  has  been  widely  used  for  fabrication 
of  SOFCs  [15-18].  Therefore,  we  chose  3YSZ  as  the  electrolyte  for 
fabrication  of  thin  films  by  slurry  spin  coating,  and  investigated  the 
sintering  behavior  of  3  YSZ  powders  and  the  electrochemical  perfor¬ 
mance  of  single  cells.  Test  results  revealed  that  an  anode-supported 
cell  with  3YSZ  thin  film  exhibited  desirable  output  performance  at 
an  intermediate  temperature. 

2.  Experimental 

2.1  Sample  preparation  and  characterization 

Nickel  oxide  (NiO)  was  synthesized  using  a  precipitation  method 
[19].  3YSZ  (Tosoh,  Japan),  NiO  and  wheat  flour  (used  as  a  pore  for- 
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mer)  were  mixed  at  a  weight  ratio  of  2 :2 : 1  and  ground  with  a  pestle 
in  an  agate  mortar  for  2  h  to  form  the  primary  anode  powder.  The 
3YSZ  electrolyte  was  ball-milled  in  ethanol  for  25  h  to  decrease  the 
average  particle  size. 

The  anode  powder  and  3YSZ  electrolyte  particles  were  pressed 
into  pellets  of  6  mm  in  diameter  and  4  mm  in  height  for  measure¬ 
ment  of  sintering  shrinkage.  A  dilatometer  (Netzsch  DIL  402C/3/G) 
was  used  to  measure  the  sintering  shrinkage  behavior  with  purge 
air  at  50  ml  min-1.  Measurements  were  taken  at  a  heating  rate  of 
5  Kmin-1  in  the  temperature  range  50-1400  °C. 

2.2.  Fabrication  of  single  cells 

The  mixed  anode  powder  was  compacted  into  a  disc  under  uni¬ 
axial  pressure  at  200  MPa  and  the  disc  was  then  pre-sintered  at 
1000  °C  for  2  h. 

An  electrolyte  slurry  was  prepared  by  blending  ball-milled  3YSZ 
powder  with  an  organic  vehicle  of  ethyl  cellulose  (chemical  reagent 
grade)  and  terpineol  (analytical  reagent  grade;  4.5:95.5,  w/w)  at  a 
3YSZ/vehicle  weight  ratio  of  30:70.  Thin  films  were  fabricated  by 
slurry  spin  coating  three  times  at  a  spinning  speed  of  6  krpm  [10]. 
Each  coating  layer  was  heated  at  420  °C  for  10  min  to  burn  off  the 
organic  compounds,  followed  by  sintering  at  1400  °C  for  4h. 

Lao.7Sr0.3Mn03/Sm0.2Ceo.80i.9  (LSM/SDC)  composite  cathodes 
were  fabricated  using  an  ion-impregnation  process.  Ethyl  cellu¬ 
lose  and  terpineol  (7:93,  w/w)  was  mixed  with  LSM  prepared  via 
the  sol-gel  route  at  a  weight  ratio  of  30:70  to  form  the  cathode 
slurry,  which  was  then  coated  onto  the  3YSZ  films  and  sintered  at 
1100  °C  for  2  h.  After  impregnation  with  Sm0.2Ceo.8(N03  )x  solution, 
the  composite  cathodes  were  calcined  at  850  °C  for  1  h. 

2.3.  Electrochemical  performance  and  micro  structure 
characterization 

Single  cells  were  tested  using  the  four-probe  method  at  700, 
750  and  800  °C.  Silver  paste  (DAD-87,  Shanghai  Research  Institute 
of  Synthetic  Resin,  China)  was  painted  onto  the  electrode  surface 
as  the  current  collector.  The  OCV  and  current-voltage  ( I-V )  charac¬ 
teristics  were  measured  using  a  Solartron  SI  1287  electrochemical 
interface.  Impedance  measurements  were  made  using  a  Solartron 
SI  1260  impedance  analyzer  combined  with  the  SI  1287  interface  in 
the  frequency  range  91  kHz-0.1  Hz  at  an  ac  voltage  of  10  mV.  The  cell 
was  reduced  with  humidified  hydrogen  (H2,  3  vol.%  H20)  at  a  flow 
rate  of  100  ml  min-1,  using  stationary  air  as  oxidant.  Impedance 
spectra  of  the  cell  were  conducted  at  different  hydrogen  partial 
pressures  by  introducing  nitrogen  to  the  anode  and  at  different  oxy¬ 
gen  partial  pressures  by  introducing  oxygen  flow  to  the  cathode. 
Impedance  spectra  were  also  conducted  at  different  cell  voltages. 

The  microstructure  of  single  cells  was  investigated  using  a  scan¬ 
ning  electron  microscope  (SEM,  Hitachi  S-570). 

3.  Results  and  discussion 

As  shown  in  Fig.  la  and  b,  sintering  of  3YSZ  pellets  exhibited  a 
shrinkage  peak  at  1240  °C,  with  total  sintering  shrinkage  of  23%.  The 
three  peaks  for  the  NiO/3YSZ  anode  at  105, 245  and  300  °C  were  due 
to  the  volatilization  of  water,  decomposition  of  pore  former,  and 
a  decrease  in  pores  made  by  the  pore  former,  respectively.  These 
processes  were  complete  at  440  °C.  Samples  then  exhibited  typical 
thermal  expansion  behavior  between  440  and  835  °C.  The  peaks  at 
500  and  750  °C  were  caused  by  noise  in  the  testing  environment. 

Since  the  anode  substrate  was  pre-sintered  at  1000  °C  for  2h 
before  the  electrolyte  film  was  fabricated,  sintering  changes  in 
the  substrate  did  not  occur  before  1000  °C.  The  peaks  at  1160  and 
1215  °C  for  the  anode  substrate  were  due  to  shrinkage  of  NiO  and 
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Fig.  1.  Sintering  behavior  and  shrinkage  rate  of  (a)  3YSZ  and  (b)  the  NiO/3YSZ  anode. 


3YSZ,  respectively.  It  should  be  noted  that  the  peak  at  1215  °C  is 
slightly  lower  than  that  for  pure  3YSZ  because  of  the  interaction 
of  sintering  shrinkage  between  NiO  and  3YSZ.  The  last  shrinkage 
peak  at  1160  °C  was  due  to  a  decrease  in  pores,  which  is  disadvanta¬ 
geous  for  gas  transport.  Shrinkage  of  the  anode  substrate  between 
1000  and  1400  °C  amounted  to  15%.  If  the  sintering  behavior  of 
the  anode  substrate  does  not  match  that  of  the  film,  the  cell  will 
bend  toward  the  material  that  has  the  higher  shrinkage.  For  exam¬ 
ple,  the  cell  bends  toward  the  YSZ  film  when  the  shrinkage  of  the 
thin  YSZ  layer  of  approximately  10  |xm  in  thickness  exceeds  that 
of  the  thick  anode  substrate  of  approximately  500  [xm  in  thickness 
[20,21].  Such  shrinkage  mismatch  tends  to  cause  warpage  of  the 
bilayer  or  crack  development  in  the  film,  which  significantly  affects 
subsequent  processing,  incorporation  into  stacks  and  the  electro¬ 
chemical  performance  of  the  cell.  Various  methods  have  been  used 
to  adjust  the  sintering  shrinkage  of  anodes,  such  as  using  different 
pre-sintering  temperatures  [21  ],  changing  the  compaction  pressure 
[22]  and  using  composite  pore  formers  [23].  Song  et  al.  [6]  sintered 
an  anode-supported  film  under  pressurized  conditions  by  placing 
a  ceramic  plate  on  top  of  the  bilayer  to  avoid  warpage,  an  approach 
that  was  also  used  in  the  present  study. 

As  shown  in  Fig.  2a,  the  electrolyte  film  was  very  dense,  although 
it  has  a  few  shallow  pinholes  in  each  of  the  three  film  layers,  which 
would  be  totally  occluded  by  another  layer.  It  is  very  rare  to  have 
a  through  hole  in  the  electrolyte  film.  As  shown  in  Fig.  2b,  the 
dense  3YSZ  electrolyte  film  was  approximately  6[xm  thick  and 
adhered  well  to  the  porous  anode  substrate,  indicating  a  good 
match  between  the  film  and  the  substrate.  The  large  pores  in  the 
anode  substrate  are  caused  by  burnout  of  the  pore  former,  which 
facilitates  rapid  gas  transport.  Nanopores  produced  by  the  reduc¬ 
tion  of  nickel  oxide  to  nickel  can  increase  both  the  gas-transport 
path  and  the  three-phase  boundary  (TPB)  for  reaction. 

As  shown  in  Fig.  3,  the  OCV  was  1.04  V  at  800  °C  and  remained 
stable  at  this  value  during  the  whole  testing  process.  This  indi¬ 
cates  that  the  3YSZ  film  prepared  using  slurry  spin  coating  was 
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Fig.  2.  (a)  Surface  of  the  electrolyte  film,  (b)  Cross-section  of  the  single  cell. 


dense  enough  and  that  the  reduction  of  NiO  in  the  anode  did  not 
destroy  the  film.  With  hydrogen  as  fuel  and  ambient  air  as  oxi¬ 
dant,  the  maximum  power  density  of  a  single  cell  was  551,  895 
and  1143  mW cm-2  at  700,  750  and  800  °C,  respectively.  The  I-V 
curves  show  negative  curvature  at  high  current  density,  which 
is  associated  with  concentration  polarization  of  the  electrodes. 
Since  the  500-p.m-thick  anode  substrate  is  one  order  of  magnitude 
thicker  than  the  15-p.m-thick  cathode,  concentration  polarization 
is  mainly  caused  by  limited  gas  transport  through  the  thick  anode 
substrate.  Although  the  anode  has  high  porosity  (approximately 
48  vol.%  after  reduction),  a  continuous  gas-transport  path  consti¬ 
tuted  by  larger  pores  was  not  thoroughly  formed  in  the  anode.  It 
is  evident  from  Fig.  2b  that  most  of  pores  in  the  anode  are  small 
and  closed,  and  the  number  of  larger  pores  in  the  anode  is  not  great 
enough  to  allow  rapid  transport  of  gases  across  the  anode,  resulting 
in  concentration  polarization  at  a  high  current  density. 

SDC  nanoparticles  were  formed  in  the  LSM  frame  using  the 
impregnation  method.  The  major  issue  for  these  active  SDC 
nanoparticles  in  electrodes  is  their  stability  during  long-term 
operation  at  a  high  temperature  (~800°C).  It  is  evident  from 
Fig.  4  that  the  voltage  of  a  cell  with  a  15-p.m-thick  3YSZ  film  at 
800  °C  decreased  with  time  at  a  current  density  of  1.5  A  cm-2.  This 
decrease  in  voltage  is  caused  by  coarsening  of  SDC  nanoparticles, 
which  would  decrease  the  ionic  conductivity  and  TPB  of  the  cath¬ 
ode,  leading  to  lower  cathode  performance  and  thus  lower  cell 
performance.  Flowever,  the  voltage  of  a  cell  with  a  25-p.m-thick 
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Fig.  4.  Voltage-time  curve  at  a  current  density  of  1.5  A  cm-2  at  800  °C;  voltage-time 
curve  at  a  current  density  of  0.5  A  cm-2  at  700  °C. 

3YSZ  film  at  700  °C  was  stable  at  a  current  density  of  0.5  A  cm-2, 
as  shown  in  Fig.  4.  It  can  be  concluded  that  it  is  possible  to  obtain 
stable  cathode  performance  at  700  °C  when  the  LSM/SDC  cathode 
is  sintered  at  >850  °C,  or  at  800  °C  when  the  cathode  is  sintered  at 
a  temperature  >950  °C. 
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Fig.  6.  Impedance  spectra  of  the  cell  with  a  10-p.m-thick  3YSZ  film  tested  at  different 
cell  voltages  at  750  °C  using  hydrogen  at  200  ml  min-1  as  fuel  and  stationary  air  as 
oxidant. 


It  is  evident  from  Fig.  5  that  the  high-frequency  intercept  on  the 
real  axis  represents  the  ohmic  resistance  (at  800  °C,  for  example), 
which  is  mainly  related  to  the  electrolyte.  The  difference  between 
the  high-  and  low-frequency  intercepts  on  the  real  axis  shows  the 
electrode  polarization  resistance  of  both  the  anode  and  cathode. 
The  result  shown  in  Fig.  5  indicates  that  the  electrode  polarization 
resistance  dominated  the  total  polarization  resistance  of  the  cell  at 
very  low  current  density. 

As  shown  in  Fig.  6,  both  arcs  of  the  impedance  spectra  decreased 
with  decreasing  cell  voltage;  in  particular,  the  low-frequency  arc 
significantly  decreased,  indicating  decreased  electrode  polariza¬ 
tion  resistance,  whereas  the  ohmic  resistance  remained  unchanged. 
Although  the  contribution  of  ohmic  resistance  to  the  total  cell  resis¬ 
tance  increased  with  decreasing  cell  voltage,  the  cell  performance 
was  still  limited  by  the  overwhelming  polarization  resistance  of  the 
electrode,  e.g.,  the  electrode  polarization  resistance  accounted  for 
59%  of  the  total  resistance  at  a  cell  voltage  of  0.5  V,  at  which  the  max¬ 
imum  power  density  often  occurred.  This  reveals  that  3YSZ  film  can 
be  used  for  fabrication  of  SOFCs  even  though  its  ionic  conductivity 
is  not  as  high  as  that  of  8YSZ. 

The  high-frequency  arc  is  due  to  transfer  of  oxygen  ions  and  the 
low-frequency  arc  is  due  to  dissociative  adsorption  and/or  surface 
diffusion  [24].  Since  electrochemical  oxidation  of  hydrogen  at  the 
anode  is  much  faster  than  reduction  reaction  of  oxygen  at  the  cath¬ 
ode,  activation  polarization  of  the  anode  is  negligible  compared  to 
that  of  the  cathode.  Therefore,  the  high-frequency  arc— which  was 
not  affected  by  a  change  in  hydrogen  partial  pressure  at  the  anode, 
as  shown  in  Fig.  8,  but  decreased  with  increasing  oxygen  partial 
pressure  at  the  cathode— was  caused  by  the  activation  polarization 
resistance  of  the  cathode.  The  low-frequency  arc  was  then  affected 
by  the  concentration  polarization  resistances  of  both  the  anode 
and  cathode,  as  shown  in  Figs.  7  and  8.  The  concentration  polar¬ 
ization  resistance  of  the  electrode  with  oxygen  at  100  ml  min-1 
was  half  that  of  the  electrode  with  stationary  air,  as  shown  in 
Fig.  7.  This  decrease  in  polarization  resistance  of  the  electrode  was 
attributed  to  the  improvement  in  cathode  performance.  Thus,  it 
can  be  concluded  that  the  polarization  resistance  of  the  cathode 
for  the  low-frequency  arc,  i.e.,  the  decrease  in  polarization  resis¬ 
tance  of  the  cathode  plus  the  remaining  polarization  resistance  of 
the  cathode,  dominates  the  concentration  polarization  resistance 
of  the  electrode  under  open-circuit  conditions.  As  shown  in  Fig.  6, 
the  polarization  resistance  of  the  electrode  associated  with  the 
low-frequency  arc  largely  decreased  with  decreasing  cell  voltage. 
The  activation  polarization  resistance  of  the  cathode  associated 
with  the  high-frequency  arc  thus  dominated  the  total  polariza- 


Fig.  7.  Impedance  spectra  of  the  cell  with  a  10-p.m-thick  3YSZ  film  tested  with 
oxygen  at  different  flow  rates  introduced  to  the  cathode  at  750  °C. 


Fig.  8.  Impedance  spectra  of  the  cell  with  a  10-p.m-thick  3YSZ  film  tested  with  fuel 
gases  of  different  compositions  at  750  °C. 

tion  resistance  of  the  electrode  at  the  voltage  at  which  maximum 
power  density  occurred.  As  shown  in  Fig.  8,  the  low-frequency  arc 
increased  dramatically  with  decreasing  hydrogen  partial  pressure, 
demonstrating  that  the  gas-transport  resistance  of  the  anode  was 
sensitive  to  the  hydrogen  partial  pressure.  At  a  high  current  den¬ 
sity,  the  hydrogen  partial  pressure  in  the  inner  anode  layer  adjacent 
to  the  3YSZ  film  would  decrease  rapidly,  causing  a  rapid  increase 
in  the  concentration  polarization  resistance  of  the  anode.  This  is 
supported  by  the  negative  curvature  of  the  l-V  curves  at  high  cur¬ 
rent  density,  as  shown  in  Fig.  3.  In  summary,  it  can  be  concluded 
that  the  cell  performance  was  dominated  by  the  polarization  of  the 
cathode  at  lower  current  densities  and  was  then  dominated  by  the 
concentration  polarization  of  the  anode  at  higher  current  densities. 

We  successfully  fabricated  a  dense  3YSZ  electrolyte  film  by 
slurry  spin  coating.  The  acceptable  output  performance  obtained 
for  single  cells  indicates  that  3YSZ  is  a  potential  electrolyte  for  fab¬ 
rication  of  SOFCs.  Other  methods  such  as  tape  casting  [6,7]  could 
be  used  to  fabricate  dense  3YSZ  films  for  scale-up  production. 

4.  Conclusions 

A  dense  and  uniform  3YSZ  electrolyte  thin  film  of  6  p,m  in  thick¬ 
ness  was  fabricated  using  slurry  spin  coating  on  a  porous  NiO/3YSZ 
anode  substrate.  An  OCV  of  1.04  V  was  achieved  at  800  °C,  and  max¬ 
imum  power  density  of  551, 895  and  1143  mW  cm-2  at  700, 750  and 
800  °C,  respectively.  Impedance  spectra  results  indicated  that  the 
cell  performance  was  determined  by  the  polarization  resistance  of 
the  cathode. 
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